ABSTRACT Objective: To assess the scientific evidence related to the efficacy of clear aligner treatment (CAT) in controlling orthodontic tooth movement. Materials and Methods: PubMed, PMC, NLM, Embase, Cochrane Central Register of Controlled Clinical Trials, Web of Knowledge, Scopus, Google Scholar, and LILACs were searched from January 2000 to June 2014 to identify all peer-reviewed articles potentially relevant to the review. Methodological shortcomings were highlighted and the quality of the studies was ranked using the Cochrane Tool for Risk of Bias Assessment. Results: Eleven relevant articles were selected (two Randomized Clinical Trials (RCT), five prospective non-randomized, four retrospective non-randomized), and the risk of bias was moderate for six studies and unclear for the others. The amount of mean intrusion reported was 0.72 mm. Extrusion was the most difficult movement to control (30% of accuracy), followed by rotation. Upper molar distalization revealed the highest predictability (88%) when a bodily movement of at least 1.5 mm was prescribed. A decrease of the Little's Index (mandibular arch: 5 mm; maxillary arch: 4 mm) was observed in aligning arches. Conclusions: CAT aligns and levels the arches; it is effective in controlling anterior intrusion but not anterior extrusion; it is effective in controlling posterior buccolingual inclination but not anterior buccolingual inclination; it is effective in controlling upper molar bodily movements of about 1.5 mm; and it is not effective in controlling rotation of rounded teeth in particular. However, the results of this review should be interpreted with caution because of the number, quality, and heterogeneity of the studies. (Angle Orthod. 2015;85:881-889.) 
INTRODUCTION
In recent years, increasing numbers of adult patients have sought orthodontic treatment 1 and expressed a desire for esthetic and comfortable alternatives to conventional fixed appliances. 2 The possibility of using clear overlay orthodontic appliances was introduced in 1946, when Kesling 3 devised the concept of using a series of thermoplastic tooth positioners to progressively move misaligned teeth to improved positions. In 1997, Align Technology G (Santa Clara, Calif) adapted and incorporated modern technologies to introduce the clear aligner treatment (CAT) as we know it, rendering Kesling's concept a feasible orthodontic treatment option. Although CAT has been cited as a safe, esthetic, and comfortable orthodontic procedure for adult patients, only a few investigations 4, 5 have focused on the predictability of orthodontic tooth movement (OTM). In 2005 Lagravè re and Flores-Mir 6 published a review in which only two studies met their inclusion criteria related to Invisalign therapy efficacy. The authors stated that no strong conclusions could be made regarding the treatment effects of this kind of orthodontic treatment. Thus, clinicians who plan to use CAT on their patients have to rely on their clinical experience, the opinions of experts, and limited published evidence. 6 The present systematic review was undertaken to update the knowledge of the available evidence about CAT and to answer the following clinical research question: ''Is CAT effective in controlling the orthodontic movement in non-growing subjects?''
MATERIALS AND METHODS
On June 15, 2014, a systematic search in the medical literature produced between January 2000 and June 2014 was performed to identify all peerreviewed articles potentially relevant to the review's question. In order to retrieve lists of potential articles to be included in the review, the search strategy illustrated in Table 1 A manual search was thoroughly performed to identify additional articles in the medical library of Turin University, in the authors' personal libraries, and in the references of selected articles. International patents, abstracts, and presentations from international orthodontic meetings were also evaluated. Title and abstract screening was performed to select articles for full text retrieval.
The inclusion and exclusion criteria for admittance in the systematic review are reported in Table 2 .
The reference lists of these articles were perused, and references related to the articles were followed up. Duplicate articles were removed, and the studies were selected for inclusion independently by two of the authors. Disagreements were resolved through discussion between all of the authors.
The 'PICOS' approach was used independently and in duplicate by two review authors to extract data from the selected articles. PICOS stands for ''population (participants), intervention (or exposure for observational studies), comparator, outcomes and study design'' ( Table 3) .
The outcome for this study was the efficacy of CAT in performing intrusion, extrusion, rotation, tipping, and alignment movements. According to the Centre for Reviews and Dissemination, University of York (CRD) 7 and to the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) 8 statements, evaluation of methodological quality gives an indication of the strength of evidence provided by the study because flaws in the design or in the conduction of a study can result in biases. A grading system described by the Swedish Council on Technology Assessment in Health Care (SBU) and the CRD was used to rate the methodological quality of the articles and to assess the level of evidence for the conclusions of this review (Tables 4-6 ). 7, 9 
RESULTS
Eleven relevant publications were identified: four studies 5,10-12 were retrospective non-randomized, five studies 4, [13] [14] [15] [16] were prospective non-randomized, and two studies 17, 18 were prospective randomized. The article selection process is illustrated in the PRISMA Flow Diagram (Figure 1 ).
Sample size in individual studies ranged from 22 to 96, with a total of 480 patients. Age at the start of aligner's treatment in the evaluated samples ranged from 13 to 72 years. The devices applied in the studies were Invisalign aligners.
Quality Analysis
According to the SBU tool (Tables 4-6) , among the selected sample, the methodological quality was moderate for six studies 10, [14] [15] [16] [17] [18] and limited for the others. 4, 5, [11] [12] [13] Thus, conclusions with a limited level of evidence could be drawn from the review process. The most recurrent sources of bias were related to the study design, the sample size, and the lack of control group. Furthermore, other sources of bias were inadequate sequence generation (four studies), lack of allocation concealment (three studies), and lack of a proper blinding procedure (four studies).
Effects of Interventions
Intrusion. The superimposition of the virtual model of the predicted tooth position over the virtual model of the achieved tooth position was performed for 189 intruded teeth. 4 The highest accuracy of intrusion was achieved by the maxillary (45%) and mandibular (47%) central incisors. The lowest accuracy of intrusion was achieved by the maxillary lateral incisors (33%). The average amount of true intrusion attempted was 0.72 mm.
Extrusion. Extrusion was the least accurate tooth movement achieved with CAT (30% of predictability). 4 The maxillary (18%) and the mandibular (25%) central incisors had the lowest accuracy. The average amount of extrusion attempted was 0.56 mm. Two retrospective studies 5, 11 outlined that movements on the vertical plane resulted in larger deviations (20. a PICOS indicates ''population (participants), intervention (or exposure for observational studies), comparator, outcomes and study design''; pts, patients; DI, discrepancy index; PBI, papillary bleeding index; OGS, objective grading system; OVJ, overjet; SPWF, second premolar width (fossa); MWF, molar width (fossa); CWCDD, intercanine width (cuspal) mean difference; FPWFDD, first interpremolar width (fossa) mean difference; FPWLDD, first interpremolar width (lingual) mean difference; SPWFDD, second interpremolar width (fossa) mean difference; SPWLDD, second interpremolar width (lingual) mean difference; APDD, arch perimeter mean difference; OTM, overall tooth movement; OVB, overbite; MGS, model grading system; T2, clinically achieved tooth movement; CBCT, cone beam computed tomography; CLIN T2, tooth movement predicted by ClinCheck; and PR, power ridge. A retrospective study 10 comparing two groups of 48 patients (CAT and braces treatment groups) revealed a similar average Orthodontics Objective Grading System (OGS) score for the alignment of marginal ridges in CAT (24.9) and braces (24.5) patients.
Rotation. A prospective study 13 conducted on 53 canines of 31 subjects assessed a mean accuracy for canine rotation of 36%. Canines that received interproximal reduction (IPR) reported the highest mean rotational accuracy and lowest standard deviation (43%; SD 5 22.6%).
In Kravitz et al. 4 the accuracy of rotation for maxillary canines was 32%, lower than that of the maxillary central incisors (55%) and mandibular lateral incisors (52%). The least accuracy was detected for the mandibular canine (29%). For rotations greater than 15u the accuracy of maxillary canine movement was significantly reduced (19%; SD 5 14.1%; P , .05). Similar results were achieved by Simon et al., 12 who demonstrated that staging (amount of rotation/aligner) also had a considerable impact on the treatment efficacy: for premolar rotations with a staging of ,1.5u/ aligner, the total efficacy was 41.8% (SD 5 0.3%), whereas with a staging of .1.5u/aligner, the accuracy decreased to 23% (SD 5 0.2%).
Mesiodistal tipping. Baldwin et al. 18 showed a mean change in radiographic and dental cast interdental angle of about 17u after CAT (P , .0001). In their 2009 study on anterior teeth, Kravitz et al. 4 showed a mean accuracy of 41% for mesiodistal tipping, in which the highest accuracy was achieved by the maxillary (43%) and mandibular (49%) lateral incisors. The maxillary (35%) and mandibular (27%) canines and the maxillary central incisors (39%) had the lowest accuracy.
In 2005 Djeu et al. 10 reported that CAT and fixed appliance treatment achieved similar OGS scores for root angulation at the end of treatment. In 2012, in their prospective study, Drake et al. 16 reported that 4.4 times more OTM occurred during the first week than during the second week of aligner wear, considering all of the 2-week periods. Even if bodily protraction of the target tooth was programmed, it resulted in uncontrolled tipping. Simon et al. 12 revealed a high predictability (88%) of the distalization movement of upper molars (bodily movement) when the movement was supported by attachments.
Buccolingual tipping. Djeu et al. 10 observed better scores for fixed appliances than for CAT in relation to buccolingual tipping (braces: 22.8; SD 5 2.6; CAT: 24.2; SD 5 2.73; P , .05). However, in their 2013 retrospective study, Kassas et al. 11 showed a significant improvement of the American Board of Orthodontics Model Grading System (MGS) score for buccolingual inclination, especially in the posterior region (20.74; P , .05). Kravitz et al. 4 showed that lingual crown tip (53%) was significantly more accurate than labial crown tip (38%), particularly for maxillary incisors. Simon et al. 12 showed no substantial differences if the upper central incisor torque was supported by a horizontal ellipsoid attachment (mean accuracy: 51.5%; SD 5 0.2%) or by an altered aligner geometry (mean accuracy: 49%; SD 5 0.2%).
Aligning (arch lengthening, lingual constriction, alignment scores). Clements et al. 17 reported an improvement of the PAR score for anterior alignment of 78% of the analyzed sample, while 12% had no change, and only 10% worsened. Kuncio et al.
14 found a statistically significant worsening in OGS score with regard to stability of total alignment after CAT compared to braces treatment after 3 years of retention (21.6; P , .05). Krieger et al. 5 observed a decrease in the Little's Irregularity Index between preand post-treatment casts in maxillary (23.8 mm) and mandibular (25 mm) arches. A significant improvement of the OGS score for alignment (29; -P , .001) was reported by Kassas et al. 15 analyzed the arch expansion in posttreatment casts of CAT and self-ligating appliance patients. The CAT group showed a significant increase (0.45 mm) in second interpremolar width and in intermolar widths (0.5 mm) at the fossa points, with significant differences with respect to the self-ligating group.
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DISCUSSION
The present systematic review showed that the use of aligners is recommended in simple malocclusions.
The methodology of the selected investigations was generally poor, with the majority of studies (63%) presenting high risk of bias. Very strong limitations were the absence of proper control groups, the absence of proper blinding procedures, the lack of sample randomization procedures, and the small sample sizes. In two studies 10, 14 patients were treated by orthodontists with no experience with CAT, while in other studies 10, 11, 14 the comparison between CAT and fixed orthodontics was based upon malocclusion scoring scales, such as the PAR index, which presents limitations, mainly related to the generic weighting system. This review identified only one study 4 in which the intrusion of anterior teeth was investigated. For patients with vertical growth tendencies true incisor intrusion is the treatment of choice. 19 The average true intrusion obtained with CAT 4 in non-growing subjects was comparable to the true intrusion obtained in a similar sample of a population with continuous arch technique but lower than the one reported for the segmented arch technique. 20 Thus, CAT could be recommended for the treatment of simple malocclusions with light overbite discrepancies.
Open bite is a challenging malocclusion to treat, with a high incidence of relapse. 21 Extrusion is the least accurate tooth movement to perform with CAT, 4 and it can result in larger deviations compared to other movements. 5 This lack of efficiency could be due to the difficulty of the appliance in developing enough force to extrude teeth in a significant way. However, PAR and OGS scores revealed that aligners were as successful as fixed appliances in controlling vertical buccal occlusion, even years after the end of treatment. 10, 11, 14, 17 Thus, on the basis of the existing literature, CAT is not recommended to treat open bite.
Proffit et al. 22 reported that forces required to produce rotation of a tooth around its long axis are similar to those required to produce tipping. This is due to the fact that the force could be distributed over the entire periodontal ligament rather than over a narrow vertical strip. It is thus impossible to apply a pure rotational force without a tipping movement of the tooth in its socket. Prospective studies 4,13 revealed a generally low degree of control and predictability for rotations. Similar data were reported by Nguyen and Chen 23 : incisors achieved 60% of the predicted rotation, while canines and premolars had the lowest accuracy (39%). Thus, teeth with rounded crowns seem to be more difficult to rotate with CAT. Furthermore, in 2008 Kravitz et al. 13 stated that IPR influenced in a positive way the correction of rotations, while in 2005 Djeu et al. 10 supported the use of attachments to improve the accuracy of this movement. In their retrospective study, Simon et al., 12 analyzing premolar rotations of .10u, concluded that the use of attachments and the amount of movement per aligner had a great impact on the treatment predictability; reducing the staging and using attachments increase the predictability of tooth movement.
Even if the evidence emerging for rotation control is not of good quality, it is always recommended to plan overcorrections, especially if rotations exceed 15u, to use attachments, and to reduce staging to less than 1.5u per aligner.
The present review suggests that CAT can produce both uncontrolled and controlled tipping movements. The uncontrolled tipping in closing extraction sites 18 and the scarce results in tipping canines 4 suggest that teeth with larger roots might have greater difficulty achieving mesiodistal movements. However, in another study, 10 CAT and fixed appliance treatment achieved similar OGS scores for root angulation at the end of treatment.
It is generally thought that aligners can easily tip crowns but cannot tip roots because of the lack of control of tooth movement. This conclusion is reinforced by Drake et al., 16 who stated that bodily movement is not achievable with CAT. The analysis of the study underlined a fundamental error in the treatment planning: the prescribed staging in their sample was at least twice the maximum rate per aligner currently prescribed for patient treatment. Thus, it is possible that a greater percentage of the prescription should be achieved if the maximum 2-week activation was decreased to 0.25 mm or less instead of 0.5 mm. Thus, the experimental procedure did not reflect the daily clinical routine. On the contrary, Simon et al. 12 reported a high accuracy (88%) of the bodily movement of upper molars when a distalization movement of at least 1.5 mm was prescribed. The authors reported the best accuracy when the movement was supported by the presence of an attachment on the tooth surface. Furthermore, they underlined the importance of staging in the treatment predictability. The contrasting results reported in the analyzed literature regarding the CAT tipping control might be due to the difficulties related to the application of a couple of force with this kind of appliances. Altered aligner geometries and attachments seem to be required in order to improve the root control. 12 Thus, well-designed RCTs are needed to clarify the real efficiency of CAT in moving crowns and root along the arch.
The results of one RCT 17 and two retrospective studies 5, 11 agree in assessing the efficacy of CAT in aligning and straightening the arches, with better results for mild to moderate crowding when compared to the results obtained with fixed appliances. Attention has to be paid to the level of relapse, which seems to be higher with respect to fixed appliances.
14 It has been suggested that teeth moved with aligners did not undergo the typical stages of movement, 14 as described by Krishnan and Davidovitch, 24 because of the intermittent forces applied by the aligners. However, light continuous orthodontics forces seem to be perceived as intermittent by the periodontium, 25 and orthodontic intermittent forces are able to produce OTM with less cell damage in the periodontium. 26 Therefore, it is most likely the orthodontist, rather than the technique, that is responsible for such results.
In the considered articles the analyzed attachments were rectangular or ellipsoid attachments. All of the attachments improved the quality of the OTM. During the last 5 years a sharper biomechanical approach was introduced by Align Technology to obtain more effective attachment designs, pressure points, or pressure areas and aligner bends. Furthermore, in every study the percentage of OTM obtained with CAT was related to treatments concluded without a finishing or refinement phase.
Considering all the results of this systematic review it is recommended that future researchers in this field should include RCTs with rigorous methodology and proper sample size in order to increase the power of the studies for estimating the effects. Only with this knowledge will it be possible to develop defined CAT treatment protocols for daily clinical practice.
CONCLUSIONS
N Most of the studies presented with methodological problems: small sample size, bias and confounding variables, lack of method error analysis, blinding in measurements, and deficient or missing statistical methods. The quality level of the studies was not sufficient to draw any evidence-based conclusions. N CAT is an effective procedure that is able to align and level the arches in non-growing subjects. N The anterior intrusion movement achievable with CAT is comparable to that reported for the straight wire technique. N CAT is not effective in controlling anterior extrusion movement. Contrasting results have been reported in relation to the posterior vertical control, and a definite conclusion cannot be drawn. N CAT is not effective in controlling rotations, especially of rounded teeth. N CAT is effective in controlling upper molar bodily movement when a distalization of 1.5 mm has been prescribed. N CAT is not based on aligners alone. It requires the use of auxiliaries (attachments, interarch elastics, IPR, altered aligner geometries) to improve the predictability of orthodontic movement.
